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c 
The radiative transfer equation for an absorbing medium is used to develop a 
model for microwave emission from soils. The model calculates the micro- 
wave emission intensity in terms of the brightness temperature as a function 
of the soil moisture and temperature. The consistency of the model is verified 
by a comparative study of the present model with other microwave emission 
models. The effect of surface roughness on the brightness temperature is 
studied by modifying the Fresnel reflection coefficient and by ihcluding the 
surface depolarization effect. The quantitative effect of the surface roughness 
is studied and it is demonstratedithat the brightness temperatures observed for 
a natural agricultural terrain can be explained through the inclusion of the rough- 
ness Bffect. The surface roughness effect is further analyzed to obtain formulae 
which are useful in the analysis of the brightness temperatures, particularly, 
to obtain soil moisture information from the brightness. temperatures. The 
sensitivity of the brightness temperature to the soil temperature variations is 
studied both qualitatively and quantitatively. A simple formula is obtained to 
calculate the soil temperature dependence of the brightness temperature i n  
terms of the surface and the deep soil temperatures. An algorithm to normalize 
the brightness temperatures so as to compare microwave cbservations under 
different soil temperature conditions is also discussed. A program listing of 
the model is given in the appendix. 
. 
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SECTION 1 - NTRODUCTION 
One of the most promising techniques for the remote sensing of soil moisture 
is the use of passive microwave sensors. The microwave frequencies are  
chosen because at these frequencies there is a large difference in the dielectric 
properties of water  and dry soils. Since the emitted energy originates at dif- 
ferent depths within the volume of the soil, the analysis of the emitted micro- 
wave energy is expected to provide the subsurface soil moisture information. 
The purpose of this memorandom is to present a theoretical model for micro- 
wave emission from bare agricultural soils. The model utilizes the radiative 
transfer equation to calculate the emitted energy in terms of brightness tem- 
perature for a specified polarization state as a function of the moisture and 
the temperature within the soil. The predictions of the model are compared 
with other microwave emission models - the Burke-Paris model (Reference 1) 
and the Wilheit model (Reference 2). A quantitative-study has been performed 
to show the effect of surface roughness on the emitted microwave energy. The 
effect of diurnal variation of soil temperature on the brightness temperature 
has also been studied. 
The model is formulated in Section 2, Section 3 contains the comparative study 
of the model, in Sections 4 and 5 the effect of surface roughness a re  studied 
and in  Section 6 the diurnal variation of the brightness temperzture is discussed. 
A Iisting of the computer program is given in the appendix. 
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SECTION 2 - MICROWAVE  MISSION MODEL 
- 
In this section we will formulate a model for calculating the intensity of micro- 
wave emission from a bare agricultural soil. In developing this model the 
following simplifying assumptions will be made: 
1. The radiation is incoherent. 
2. Moisture and temperature within the soil a r e  functions of depth 
only. 
3. Internal reflection of the emerging radiation due to the gradient in 
the moisture profile is negligible. 
To describe the volumetric emission of the radiation from the soil we wi l l  use 
the radiative transfer equation. 
' The general form of this equation is: 
-- dI = -y (2) I + S ( z )  , O S Z S Q )  dz e 
where z is the depth into the soil, I is the instensity of the radiation in the 
upward direction at depth z , y (z) is the extinction per unit length, and S(z) 
is the source function of the radiation which involves the scattering and the in- 
ternal thermal emission within the soil. The coordinate z is decreasing 
towards the soil surface. 
e 
. Since soil is a highly opaque medium, one can neglect the effect of scattering 
on the emerging radiation. Also, at microwave frequencies, one can use the 
Rayleigh-Jeans appro.ximation, to replace the internal t he rmd  emission by a 
term which is directly proportional to the temperature within the soil, T(z). 
' 
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The general radiative transfer Equation (2-1) then reduces to the equation 
(Reference 1): " 
where t is the radiation intensity expressed in units of temperature, y (2) is 
the absorption coefficient of the soil, and T(z) is the soil temperature. 
a 
By integrating (Equation (2-2)) over the soil depth, one can calculate the total 
microwave intensity in units of temperature as: 
The integrated microwave intensity in Equation (2-3) c m  be interpreted as * 
the effective soil temperature. One can easily verify that if the temperature 
within the soil is constant then the integrated microwave intensity (Equation (2-3)) 
is equal to the soil temperature. 
The intensity of the radiation emerging from the soil, called the brightness 
temperature, can be calculated using geometrical optics as: 
T = ( l - r  ) t  
BP P (2-4) 
where r is the reflectivity of the soil surface for the polarization state, p . P 
In the following we will  discuss the calculation of the absorption coefficient, 
y (2) , and the reflectivity. r , using the soil moisture information. These 
P 
quantities, however a r e  not directly related to the soil moisture but to the 
dielectric constant of the soil. 
a 
2-2 
Using the thepry of electromagnetic waves in‘ a Iossydielectric medium, one 
can obtain the absorption coefficient as the damping factor for the intensity of 
the radiation as (Reference 3, Chapter XIII and Reference 1): 
I ( 2 -5 )  
where X is the wavelength of the radiation, 8 
measured with respect to the stratification, and 
is the angle of observation 
0 
2 
c2 (z) 
B ( z ,  8) - c1 (z) - sin 6 o / o [ [  + ( c1 (z) - sin 8 ) 2y/]1’2 i2-7) 
where and E are respectively the real and the imaginary parts of 1 2 
dielectric constant, e (z) , at depth, z: 
( (z )  = 6 (2)  + i c (z) 1 2 
For a smooth soil surface the reflectivity r 
Fresnel equation, where the result for the horizontal polarization is 
can be calculated from the 
P 
k - cos8 
0 
2 
(2-9) 
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! 
r =  
p 
” 
and for the uertical polarization the result is 
c 
k - Q(O)  COS eo 
k + ~ ( o )  cos8 
0 
(2-10) 
Here, ~ ( o )  is the diectric constant at the soil surface a d  k is a complex 
number defined as: 
k = B ( z = 0, eo) + i a ( z = 0, eo) (2-11) 
The Equations (2-3) through (2-11) constitute the basis of the model. Numerical 
evaluation of these equations requires the knowledge of the temperature, T(z), 
and the dielectric constant, ((2) , within the soil. For the calculation of the 
.&electric constant, one rquiies the soil moisture information (Reference 4). 
Thus the main input parameters of the model are  the soil moisture and the soil 
temperature as  a function of depth. It is to be noted that the contribution of 
the sky radiation to the observed microwave emission intensity has been ne- 
glected in Equation (2-4). This contribution can easily be included by adding 
the term (r T ) in Equation (2-4), where T is the sky radiation inten- 
sity in  units of temperature. 
P sky sky 
In the next section we will compare the predictions of the present model with 
other microwave emission models. 
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SECTION 3 - COMPARATIVE STUDY OF THE MODEL 
c 
The model developed in the previous section was based upon some simplifving 
assumptions. Since, a priori, it is not possible to assess the quantitative e r ro r  
involved with these assumptions, we will make a comparative study of the pres- 
ent model with other microwave emission models. 
. The microwave emission model developed by Burke and Paris (Reference 1) 
has some resemblance with the present model. The main difference between 
them is in the method of integrating the radiative transfer Equation (2-2). In 
the Burke-Paris model, the soil medium is divided into layers of constant soil 
moisture. Based upon experimental data, the minimum thfckness of the layer 
was chosen to be one centimeter. The radiation intensity within each layer was 
calculated by integrating the radiative transfer equation. In calculating the total 
, 
intensity, the effect of discontinuity in-the dielectric constant at  the interface 
of b o  consecutive layers, was incorporated through the reflection and the 
transmission of intensity at the interfaces. Because we have neglected the 
aforementioned dielectric discontinuity effect, the present model is a limiting 
case of the Burke-Paris model for negligible internal reflection of the radiation. 
The model developed by Wilheit (Reference 2) is base'd upon the theory of elec- 
tromagnetic waves in a layered dielectric. After calculating the amplitudes of 
the electric and the magnetic fields within each layer, the fraction of energy 
absorbed within the layer was obtained by applying Poynting's theorem. The 
total intensity of the emerging radiation was calculated by weighting the soil 
temperature of each layer with the fraction of the energy absorbed within that 
layer. Since the fundamental quantity in the Wilheit 's  model is the amplitude 
of the electromagnetic field, the microwave radiation within the soil has been 
treated as a coherent radiation. In the present model we have assumed that the 
radiation is incoherent within the soil. 
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To determine, the quantitative difference be&een different models, we calculated 
the brightness temperature using the soil moisture and temperature profiles 
measured by Jackson (Reference 4). These soil profiles are representative of 
the profiles observed under varied soil conditions. ??le dielectric constant was 
calculated from the soil moisture using the linear regression-results given in 
Reference 4. The calculated brightness temperatures at the nadir observation 
are given in the Table 3-1 for 1.55 crn wavelength radiation and in  the Table 3-2 
for 21 cm wavelength radiation. In these tables we have also specified the 
average soil moisture associated with these profiles. The results for the 
Wilheit model a r e  taken from Reference 4. A listing of the computer program, 
used in this calculation, is given in the appendix. 
The results in Tables 3-1 and 3-2 show that for both wavelengths, the agreement 
between the present model and the Burke-Paris model is quite good. This 
agreement indicates that one can neglect internal reflections due to the dielectric 
discontinuity at the layer interfaces.. 
b 
At small wavelength, the results of the present model agree with the Wilheit 
model. At longer wavelength (21 cm radiation) however the results of present 
model are higher than those of the Wilheit model. This disagreement is par- 
ticularly noticeable for intermediate moisture profiles (i. e., the profiles 3, 
4, and 5) .  We have already stated the difference in the formulation of two 
models. Whether o r  not the radiation within the soil is coherent remains to be 
investigated. It is also not clear why the two models should show such a large 
disagreement for intermediate moisture profiles only. By comparing the ob- 
' 
served brightness temperatures with the model calculations, we will illustrate 
in  the ne.xt section, that this difference between the two models can not be 
resolved conclusively. 
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" 
Profile 
at Nadir Observation 
Present Burke- 
Wilheit -Model Paris 
191.0 191.2 195.6 
212.6 212.9 217.1 
272.0 271.6 275.5 
279.9 279.2 281.2 
285.0 284.4 286.8 
284.7 284.3 287.0 
287.5 287.2 288.7 
290.4 290.4 291.1 
295.7 295.7 296.3 
soil Moisture 
(unit: Weight percent). 
0-1cm 0-2.5 cm 
Table 3-1. Brightness Temperature for 1.55 cm Radiation 
20.9 20.3 
16.1 16.5 
11.0 13.8 
8.4 12.0 
5.6 9.9 
4.4 8.3 
3.0 5.7 
2.3 3.8 
1.7 2.4 
3 -3 
” 
Profile 
1 
2 -  
3 
4 
5 
6 
7 
8 
9 
-
Table 3-2. Brightness Temperatures for  21.0 cm Radiation 
at Nadir Observation 
Present 
Model 
177.3 
203.9 
250.7 
262.0 
270.3 
271.6 
273.6 
273.9 
278.9 
- Burke- Paris 
177.5 
204.1 
249.2 
260.4 
269.0 
270.5 
272.6 
- 
272.9 
278.0 
Wilheit 
173.2 
202.7 
229.4 
242.1 
258.4 
268.3 
273.0 
276.1 
279.1 
-
Soil Moisture 
(unit: Weight percent) 
0-1 cm 0-2.5 cm 
20.9 20.3 
16.1 16.5’ . 
11.0 13.8 
a. 4 12.0 
5.6 9.9 
4.4 8.3 
- 3.0 5.7 
2.3 3.8 
1.7 2.4 
i 
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SECTION 4 - SURFACE ROUGHNESS EFFECT 
I 
c 
The comparative study presented in the previous section show that the results 
of the present model a r e  in good agreement with other microwave emission 
models, at least in the extreme cases of the soil moisture. However, when 
the results of this model were compared with the observed brightness temper- 
atures (Reference 4) unexplainable discrepancies were observed, especially 
for wet soil cases. Although there was a considerable amount of scatter in 
the observed data, it can be conclusively noted that the observed brightness 
temperatures were significantly higher than the model calculation. Since the 
surface of a natural agricultural terrain, for which the brightness temperatures 
were observed, is not a smooth surface, we need to study the effect of surface 
roughness on the microwave brightness temperature. The purpose of this 
section is to outline a model which shows the effect of surface roughness on the 
brightness temperatures. W e  will also show that the roughness model devel- 
oped in this section can provide an e.uplanation of the observed brightness tem- 
peratures. 
The geometry of the soil surface enters in our model in Equation (2-4) where 
we evaluate the emergent radiation. If the surface is smooth, the emergent 
radiation can be evaluated using the Fresnel formula given by Equations (2-9) 
and (2-10). For rough surfaces, these Fresnel formulae are not valid. We 
will now discuss the effect of surface roughness on physical and mathematical 
grounds. 
From geometrical optics (Reference 3) the radiation incident at any point on 
the surface wil l  propagate in the direction which is determined by the angle 
of the incident radiation with respect to the normal at that point. For a smooth 
surface, the direction of the normal is the same at all points on the surface 
and the incident radiation gets reflected o r  transmitted along a unique direc- 
tion at all points on the surface. The direction of normal at any point on the 
4- 1 
rough surface ,depends upon tbe location of thSt point, 'so the incident radiation 
will be reflected or  transmittectalong many directions and the energy transmitted 
along any particular direction (the observed brightness temperature) will be 
modified by the surface geometry. 
The polarization state of radiation is defined with respect to a coordinate sys- 
tem which consists of the tangent and the normal to the surface at the point of 
incidence. For a smooth surface, since a coordinate system can be specified 
uniquely, the energy transmitted in any polarization state is also unique. For 
a rough surface, only the local coordinate system is unique for any given point 
on the surface. To define and measure the energy in any polarization state, 
when the surface is rough, one requires a standard coordinate system. This 
standard coordinate system generally consists of the mean normal and the mean 
tangent on the surface. It is thus expected that when the energy measured in 
any polarization which has  been defined with respect to a standard coordinate 
system, then that energy should ac-bally be a mixture of energies transmitted 
in both polarization states. 
--. 
The above effects of roughness will now be stated mathematically. If the rough 
surface has a statistical height distribution, then the effect of surface roughness 
is essentially to modify the Fresnel reflectivity by an e.xponential factor of the 
form (References 5 and 6): 
' where eo is the angle of obsewation and h is a parameter which specifies 
the roughness height. 
This modification of the Fresnel reflectivity accounts for the radiation energy 
being reflected along many directions. We have also noted that the energy in 
any polarization state should actually be represented by a mixture of energies 
in both polarization states. If Q is the mi.xing coefficient for the polarization 
states,. then the appropriate reflectivites which should be used in Equation (2-4) 
a re  the follow!ing; for  the horizontal polarization: 
c 
for the vertical polarization: 
where r ( 8  ) and r ( e  ) are, respectively, the Fresnel reflectivities for the 
horizontal .and the vertical polarization states (Equations (2-9) and (2-10)). 
H O  v o  
The Equations (4-2) and (4-3) a re  the main formulae of the roughness model. 
These formulae have been stated based on the analysis of the effect of surface 
roughness on the emergent radiation. To verify the quantitative accuracy of 
the roughness model (i.e., the use of Equations (4-2) and (4-3) in E pation (2-4)) ,  
we recalculated the brightness temperatures for the soil moisture and tempera- 
ture proffles given in Table 3-2. They are shorn in Figure 4-1, together with 
the observed values (Reference 4). This figure shows that the roughness model 
presented here is capable of providing a quantitative explanation of the observed 
brightness temperatures. It should be noted that for the nadir observation, 
which we have plotted in this figure, the brightness temperatures are indepen- 
dent of the mLxixg coefficient, Q (see Equations (4-2) and (4-3) for 8 = 0) . 
. The roughness model developed in this section contains bvo undetermined 
parameters, namely, h and Q . In the ne.* we tvill discuss these parameters 
and also derive relations which will be useful in the analysis of brightness tem- 
peratures. 
0 
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SECTION 5 - LUULYSIS OF THE ROUGmESS MODEL 
c 
The brightness temperatures observed for a natural agricultural terrain are 
e-xpected to be affected by the surface roughness. In this section we will use 
the previous section to derive some formulae which can be useful in the analy- 
sis of the observed brightness temperatures. 
From Equations (2-4), (4-2), and (4-3), the nadir and the off-nadir brightness 
temperatures can be elcplicitly written as: 
T (0) = [i - ?(o) e -h 1 t(eo = 0) 
B (5-1) 
TBV (8 o ) = C1- ~ v ( e o ) ~  t(eb) - (5-3) 
The angular variation of the effective temperature, t , is small when the angle 
of observation is not too far from the nadir. By neglecting this angular varia- 
tion, one can define the normalized brightness temperatures to be the ratio of 
the brightness temperature and the effective temperature, as: 
-h 
TNB(o) = 1 - r(o) e (5-4) 
T~~~ (e 0 = 1 a H ( e 0 )  (5-5) 
It wil l  be discussed in the nest section that these normalized brfghtness tem- 
peratures a re  useful in comparing the brightness temperatures observed under 
varied soil temperature conditions. 
5-1 
I F (e ) - 7 (e ) = [r (e ) - r (6 (1 - 2Q) exp (-h cos 2 eo) (5-8) H o  V o  H o  V o  
Using Equation (5-4) we can write 
2 
0 
(5-9) 
If we now combine the Equations (5-5, (5-6), (5-7), and (5-9) then the following 
relation between the nadir and the off-nadir bkghtness temperatures can be 
obtained: 
(5-10) 
The left hand side of Equation (5-10) contains the brightness temperatures for 
an arbitrary rough surface but the right hand side contains the reflectivities 
of a smooth surface. The equality of.two quantities imply that the following 
brightness temperature parameter, 
(5-11) L B =  
5-2 
.- 
I must be indeRendent of all effects of the surfflce roughness. Thus, for a given 
soil, i f  the moisture dependence of B is known then that moisture dependence 
should remain the same for all surface roughness conditions. We have thus 
identified a brightness temperature quantity which is independent of all sur- 
face roughness effects. 
. From the above equations one can also derive the following relation among the 
off-nadir brightness temperatures only: 
Since the only roughness parameter which appears in Equation (5-12) is the 
mixing parameter, Q , one should be able to identify this parameter by com- 
paring the brightness temperature quantity appearing in the left hand side of 
Equation (5-12) with the corresponding quantity for a smooth surface. One 
should also note that the brightness temperature quantity appearing in the left 
hand side should increase with the increase in roughness. 
From Equation (54) one can derive a relation between the smooth surface 
brightness temperature, G B ( o )  and the rough surface brightness temperature, 
T 
S 
NB 
(0) , observed under similar moisture Conditions as: 
(5-13) 
Since the only roughness parameter appearing in Equation (5-13) is the param- 
eter, h , one should be able to use Equation (5-13) to identify this parameter 
from the observed brightness temperatures. From Figure 4-1 we see that for 
dr ier  soils, the brightness temperatures under both smooth and rough surface 
conditions, are  less sensitive to the soil moisture. Thus, under d iy  soil 
5-3 
conditions, one can use Equation (5-13) to determinethe roughness parameter 
without knowing the exact value of the soil moisture. If the roughness param- 
eter is known, then Equation (5-13) is elcpected to be useful in estimating the 
* 
soil moisture from the observed brightness temperatures and known moisture 
dependence of the brightness temperature for a smooth surface. Thus, the 
relation Equation (5-13) should be useM for  a statistical inversion purpose. 
It should be noted that for off-nadir observations one can use  Equations (5-5), 
(5-6) and (5-7) to obtain 
1 1 --[T 
2 NBH o (e ) I  =T 1 Cr (e ) + r (e 11 e.xp (-h COS 2 e ) (5-14) (e + T~~~ 0 H o  V o  0 
In analogy with Equation (5-12) we see that the brightness temperature quantity 
appearing on the left hand side of Equation (5-14) depends upon the roughness 
parameter h . Thus if the moisture dependence of the Fresnel reflectltity is 
known then a graphical study of X and Y defined as 
(5- 15) 
(5-16) 
can determine both the roughness parameters h and Q . The Figure 5-1 
illustrates the determination of these parameters. The brightness temperature 
quantities defined by Equations (5-15) and (5-16) were calculated from observed 
off-nadir (8  = 35 ) 2 1  cm brightness temperatures for different surface 0 
0 
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roughness conditions (Reference 7). The theoretical- curves were calculated 
using the dielectric constants of Miller Clay from the equations: 
y =+ ( 0  ) + r ( e  )I exp (-h COS 2 8 ) 
2 H o  V o ,  0 
We see that by fitting the theoretical curve to the observation, m e  can estimate 
the roughness parameters. Note, that the required information for the deter- 
mination of roughness parameters Is the soil type and not the moisture values 
corresponding to the observed brightness temperatures. For remote sensing 
purposes a dual-polarization radiometer system seems to be appropriate for 
determining the surface roughness parameters. . 
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SECTION 6 - DIURNAL VARIATION O F  THE BRIGHTNESS TEMPERATURE 
c 
A s  stated in the introduction, the primary motivation for developing the present 
model was to gain soil moisture information from the brightness temperature. 
The observed brightness temperatures however, not only depend upon the 
soil moisture but also on the soil temperature. Since the soil temperatures 
show a diurnal variation, it is desirable to h o w  the effect of diurnal soil tem- 
perature. Also, to compare the brightness temperatures observed under dif- 
ferent soil temperatures conditions, we should have a model tc mrmaltze the 
observed brightness temperatures. This section contains an analysis of afore- 
mentioned problems. 
The soil temperature explicitly appears in the calculation of the effective tem- 
perature, t , in Equation (2-3) as: 
where the weighting function, W(z) , has been defined as: 
It can easily be verified that the weighting function satisfies the normalization 
conditfon: 
dz = 1  
Since the soil temperature has been integrated over the whole depth, the actual 
sensitivity of Equation (6-1) to soil temperature variations is unclear. It is 
6 -1 
! however understandable that this sensitivity will be determined by the nature 
of the weighting function. b 
If the weighting function is a monotonically decreasing function of depth, then 
by e-upanding the soil temperature in a Taylor series as: 
T(z) =T(O) (6-3) 
(where T(0) and (dT/dz) Io  are, respectively, the surface temperature and 
slope), one can write the effective temperature of Equation (6-1) as: 
t = t(0) + - E lo- 
where cz> . is the sanipling depth defined. as: 
Q <iP=d z W ( z ) d z  (6-5) 
Consistent with the Taylor series expansion of Equatfan (6-3), one can interpret 
Equation (6-4) as the soil temperature at the sampling depth. With this inter- 
pretation, the diurnal variation of the brightness temperature should be deter- 
mined by the variation of soil temperature at  the sampling depth. 
To gain further understanding of the sampling depth, let u s  assume that the 
absorption coefficient can be represented by (see Equation (2-5)): 
4n 
x ya(z) = - [a + b e-"] 
6-2 
where the coefficients a , b , and s a re  determined by the moisture profile. 
Using Equations (6-6) into (6 -5 )  one can obtain an explicit formula for the 
sampling depth as (Reference 8, pages 308 and 940): 
8 
where @ is the degenerate o r  confluent hypergeometric function. 
From Equation (6:'7), the following limiting cases a re  obtained: 
The above limiting cases show that for small wavelenghts 
is primarily determined by the surface moisture, and for 
the sampling depth 
long wavelength the 
sampling depth depends upon the parameters of the moisture profile. It is also 
expected that the sampling depth will increase with the increase in wavelength, 
though a linear increase of sampling depth with the wavelength is not e-upected 
because the dielectric constants also depend upon the wavelength. 
To provide further justfication for Equation (6-4) ,  we will now show that the 
effective temperature can be e-upressed as in Equation (6-4) without making the 
Taylor series e.xpansion of Equation (6-3). 
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Integrating by parts, one c m  write Equation-(6-l) as-: 
c 
where T(o) is the surface temperature. 
The exponential term in Equation (6-8) is in general a rapidly decreasing func- 
tion of depth. A s  a good approximation, we can write Equation (6-8) as: 
t T(o) + eT/ -1 exp(-joa ya(zl) dz) dz 
0 0  
dz (6-9) 
where (dT/dz)IO is the surface slope. 
One can now easily verify that the integral .term in Equation (6-9) is the sampling 
depth. Thus Equation (6-9) is again'equivalent tb  Equation (6-4). 
From the above analysis, the effective temperature should be approximately 
equal to the soil temperature at the sampling depth. Also, the diurnal variation 
of the brightness temperatures for small wavelengths is e'xpected to be larger 
than that for longer wavelengths. 
To make a quantitative calculation for the effective temperature, one requires 
detailed information about the soil temperature and moisture. Under many 
circumstances, however, such detailed information is not available. In the fol- 
lowing, we wil l  derive an approximate expression for the effective temperature 
which does not require such detailed soil profile information. 
Let u s  assume that the information available for calculating the effective tem- 
perature a re  the surface and the deep soil temperatures. The soil surface 
temperature can be obtained remotely via infrared spectroscopy. The deep 
soil temperature (i. e., soil temperature at the depthof about one meter) was 
chosen because this temperatqe does not show much diurnal variations. 
The soil temperature profile can be ercpressed in a general form as: 
T(z) = T + (To - Ta) f(z) m (6-13) 
where T and T are the soil surface and the deep soil temperature, respec- 0 m 
tively. The function f(z) is an arbitrary function of depth subject to the con- 
ditions 
'f(z=O) = 1 
f(z==) = 0 
. Using Equation (6-lo), the effective temperature Equation (6-1) can be written 
as : 
(6-12) 
where 
m 
c =/; f(2) W(2) dz (6-13) 
By writing the effective temperature as Equation (6-13), we have incorporated 
all unhovm quantities into the constant, C . For Equation (6-13) to be useful 
we  need to specify a value for C which will depend only upon the wavelength 
of !he radiation. We will  now consider the determination of this constant. 
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Examination of, measured soil temperature pro3iles (Reference 4) shows that 
the difference between the surface and the deep soil temperature (soil tempera- 
ture at the depth of about 1 meter) decreases as the moisture increases. Since 
for wet soils, this difference in temperature is small, we see that an exact 
value of C is not needed for approximate calculation of the effective tempera- 
ture. For dry soils, however, the effective temperature will be sensitive to 
the choice of C because the temperature difference in Equation (6-12) is large. 
The above discussion suggests that if we calculate C using the profiles for dry 
soils then that value of C should also give reasonable estimates of effective 
temperature for the wet soils. 
To verify the quantitative accuracy with which one can calculate the effective 
temperature using a fixed value of C , we used the soil profiles cited in 
Tables (3-1) or (3-2). The effective temperatures calculated using the Equa- 
tions (6-1) and (6-12) are given in Table 6-1 for two different wavelengths. The 
value of C was calculated using the dry soil profiles. Although the calculated 
values of effective temperature from Equation (6-12) are somewhat higher than 
those obtained from Equation (6-1), the good agreement between the two effec- 
tive temperatures is quite encouraging. 
If we  assume that the soil profiles used in our calculation, are representative 
of a general case, then an approximate formula for calculating the effective 
temperature will be: 
t = T  + 0 . 7 7  (To - T ) for X = 1.55cm 
m W 
t = T  +0.28 (T - T ) for X = 2 1 c m  
60 o w  
It should be noted that the sampling depth infcrmation discussed previously has 
been implicitly incorporated into the above formulae through the calculation of 
6 -G 
I 
.. . ,  
" 
I 
Profile 
Table 6-1. Comparison of Exactly and Approximately Calculated 
Values of Effective Temperature 
X = 1 .55  cm 
t from (6.12) 
t from (6.1) c = 0.77  
293.6 293.2' 
299.0 297 .8  
300.7 301 .4  
303.3 305.3 
305.9 307 .1  
304.9 309.0 
307.5 311.3 
310.7 312 .1  
X = 2 1 c m  
t from (6.12) . 
t from (6 .1)  c = 0 . 2 8  
289 .3  290.7 
289.9 292.3 
293.6 290.6 
292 .1  295 .1  
294.7 295.7 
294.7 296.5 
395.9 297.3 
. 296.2  297.6 
6-7 
these constants. We see that the value of the 'konstan<increases aS the wave- 
length decreases. For very long wavelengths, the effective temperature will 
be close to the deep soil temperature and for short wavelengths, the effective 
temperature will nearly equal to the surface temperature. 
b 
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SECTION 7 - OUTLINE O F  AN INVERSION ALGORITHM 
I 
c 
In this section we will outline an algorithm for obtaining the soil moisture 
information from the observed 21  cm wavelength briihtness temperatures over 
an agricultural terrain. 
The brightness temperature observed over an agricultural terrain depecds upon 
the soil moisture, the soil temperature and the roughness structure of the soil 
surface (References 4, 7, 9). The nature of these dependencies is discussed in 
the preceding sections and also by other investigators (References 1, 2, and 
10). The soil temperature shows a n  areal and a diurnal variation and the 
roughness structure of the soil surface depends upon the cultivation practice 
of that area. To obtain the soil moisture information from the brightness 
temperature, we need to normalize the brightness temperature to account for 
the soil temperature and the roughness structure dependence of the brightness 
temperature. If we can successfully normalize the brightness temperature, 
then the normalized brightness temperatures will depend only upon the soil 
moisture. For a given wavelength of the radiation, the dependence of the 
normalized brightness temperature on the soil moisture is expected to be 
unique. 
- 
The starting point of the inversion algorithm is to find a unique relationship 
between the soil moisture and the normalized brightness temperature for the 
2 1  cm wavelength radiation under smooth surface condition. For this purpose 
we used the observed brightness temperatures and the corresponding effective 
soil temperatures obtained by Newton (Reference 7) to calculate the normalized 
brightness temperatures defined in Equation (5-4). A linear regression study 
was performed between the normalized brightness temperatures (T 
S 
NB ) and 
7- 1 
the average soil moistures in the 2 . 0  cm surface layer e.rpressed in dimension- 
less percent field capacity (FC)  units (Reference 4) by taking the conversion 
factor at  35 percent level to obtain the following relation: 
# 
c 
S 
NB FC =-1.49 + 169.6 (1 - T ) (7-1) 
The correlation coefficient of the regression study was 0.956 and the standard 
deviation of the regression coefficient was 14.4. 
The normalization of the brightness temperature to account for'the diurnal soil 
temperature variation is discussed in Section 6. From the knowledge of the 
soil surface temperature (T ) and the deep soil temperature (T-), one can 
calculate the effective soil temperature (t) from the equation 
0 
t = Tm i- 0.28 (To - T,) (7-2). 
Remote infrared spectroscopy will give the soil surface temperature, and the 
deep soil temperature can be chosen approximately based upon the location and 
the season of observation. 
The effect of surface roughness on the brightness temperature is discussed in 
Sections 4 and 5. We noted in Section 4 that the brightness temperatures of 
drier  soil are less sensitive to the soil moisture but a r e  affected by the rough- 
ness condition. Since the brightness temperature decreases with the increase 
in the moisture, one can stipulate that the highest value of the observed bright- 
ness temperature will correspond to a dry soil case. One can now use Equa- 
tion (5-13) to calculate the roughness parameter of the surface (h) : 
. 
h 0.095 
e =  1 (7-3) 
7- 2 
, 
I 
'. , 
where the numerical factor is due to the smooth surface brightness temperature 
and T is the highest normalized brightness temperature. 
Another way of estimating the roughness parameter will be to study the high 
and the low values of the brightness temperatures. If the range of the moisture 
1 
NB c 
I 
values corresponding to the observed brightness temperature is known then 
the roughness parameter can be calculated from the following equation: 
(7-4) 
where AT is the difference of the observed high and low values of the 
NB c 
normalized brightness temperature and ATJ 
surface normalized brightness temperature corresponding to the expected range 
of moisture values. 
is the difference of the smooth 
1- 
A s  discussed in Section 5, for an off-nadir dual-polarization radiometer sys- 
tem, one can calculate the roughness parameter by studying the sum and the 
difference of the normalized brightness temperatures (see Equations (5-15) and 
(5-16)). Also, for off-nadir observations, the average brightness temperature 
of two polarizations is nearly equal to its nadir value. 
Once the roughness parameter of the agricultural terrain is known, the mois- 
ture values corresponding to each observed brightness temperature (Tm) can 
be calculated from the Equation (5-13) and (7-1) as: 
h 
, FC = -1.49 + 169.6 (1 - Tm) e 
Thus, the inversion algorithm is the following: 
(7-5) 
Normalize the observed brightness temperatures using Equation (7-2) and 
calculate the roughness parameter of the agricultural terrain from Equations 
7-3 
(7-3) and (7-4). V s i q  the roughness parameter calculate the soil moisture 
value correspondbe to the normalized observed brightness temperatures from 
Equation (7-5). 
8 
c 
The effectiveness of the inversion algorithm was studied using the brightness 
temperature data observed over bare agricultural fields during dawn and mid- 
day of March 18 and 22, 1975 (Reference 11). The soil surface temperatures 
were measured with a thermal infrared radiometer and a field crew performed 
measurements of the soil moisture and the texture. The target fields were 
800 meters wide and 400 meters long. The primary surface condition was 
furrow. 
Using the measured deep soil temperature To, = 13OC and the observed soil 
surface temperatures T we normalized the observed brightness temperatures . 
From these normalized brightness temperatures we calculated the roughness 
parameter (e = L9), and then the soil moisture from Equation (7-5). In Fig- 
ure  (7-1) we show the comparison of the obserbed and the calculated values of 
the soil moisture, in the 2.0 cm surface layer. Also shown in the figure is the 
1:l line for the perfect agreement. We see that the calculated values are lower 
than the observed soil moistures. It appears that a better estimate for the ob- 
served soil moisture wi l l  be obtained if we add 10 percent field capacity to the 
0 
h 
- 
calculated values from Equation (7-5). Considering the sinplicity, the effective- 
ness of the inversion algorithm is quite encouraging. It should be noted that 
if soil moisture is expressed in units other than field capacity then the numer- 
ical factors appearing in Equations (7-1) and (7-5) will be different. Since the 
fundamental quantity which appears in the radiative transfer equation is the 
dielectric constant, it is expected that the most appropriate unit of soil mois- 
ture should be the one for which the dielectric constant curve does not depend 
upon soil type. 
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Figure i-1. Comparison of Observed and Calculated Values of Soil 
Moisture i n  the 2 cm Surface Layer 
- -  
1-3 
A.PPENDC( A - SOURCE LISTIWG OF THE MODEL 
I 
c 
. .  
i 
i 
A -1 
A -2 
I 
. .  
A - 3  
--. 
\ 
r. 
c 
c 
r. 
c 
c 
r. 
c 
c 
r, 
c. 
r. 
I .  
. .- P 
A 4  
,- 
I 
.. . 
- . i - . _ - _ . .  ~ . .  
~' . . , .,. . 
i; - .  . -. 
I .  
. .  -  
. .  
A-5 
\ 
A-6 
I 
. .*. * rip- 
' , . ...-. . 
. -* . .... 
, I I' 
, .  
~ . . . -. .. 
, .  
I ~ .,. . 
. .. 
. /. . .  ., , -. , . . U. , 
,' . .. 
A -7 
c 
i n  
7 0  
C 
C 
C 
C 
c 
C 
100 
C 
C 
c 
R F TORN 
€ N O  
SIlRRfllJT I N E  APSORP I LAMDA * M [ J  I .AST! I C  1 
CALCIJI.ATES THE S O I L  AHSORPTION L F N G T H  
SEF RlJRKE P A R I S  * N A S A  T E C H  N O T E  r J S C  
A -8 
. -. 
I 
- .  
-. .*,- 
. I .  
- .  
~ . - _. .. 
. .  
. ..
A -9 
A-10 
C 
40 
C 
C 
C 
C 
C 
s o 0  
700 
400 
42 5 
430 
440 
L50 
10 
?0  
30 
h@0 
X M A X = 7 5 . 0  
N L M  A X=N C 
I f  ( Y ( 1 l . E O . O . O )  GO T O  500 
hl L M A X =N L Y A X + 1 
I F  ( N L M A X . G T . 9 9 )  GO Tfl  600 
B A C K W n R O  I N T E R P O L  A T  I O N  T O  OHTA I N  V A L t J E  A T  X = O  
A-11 
A-12 
7 5 . 3  14.0 3 H 7 . 7  
95.0 11.2 7R5 .5  
0 5 . 0  9.6 7h5.3 
7/6/71. 4 D A Y 5  A F T E R  I Q 4 .  
I Q  
0 . 7 5  1 5 . 7  7q4.1 
0 . 5  l k . 3  707.7 
1 . 5  1 6 . 5  7 Y 4 . H  
7 . 5  17.7 2 Y 3 . r )  
3.5 17.3 791.7 
L . 5  17.L. 700.7 
6 . Q  17.5 7 Q 9 . 7  
. Q.0 17.9 7g7. s 
1 7 . 5  1 4 . 0  7 H 5 . 1  
17.5 ! R . ?  7 * 3  .L  
7 5 . 0  1 R . 3  7x3.'. 
3 5 . n  lH.0 7H3 .H 
' 0 5  .'I 1 7 . 2  741.7 
5 5 . 0  16.2 7 H 5 . 4  
h5.n 15.R 7 H h . h  - 
75.0 1'02 7fl7.5 
45.n 11.4 74a.1 
u5.n 0.9 7 Q c r . 7  
3/7/71 9 5 E O Y C  @ F T c 4  I Y *  
\ *  
0 . 7 5  ..i; 7 307 .5  
n.k  !1.7 3fr:n.L 
1 . 5  15.3 747.3 
7.6 1 A . 3  7q1.a 
7.5 1 6 . 7  343.1 
L . G  1 7 . 0  7 u 7  . f '  
6 .n  17.3 7un. 7 
R . 17 17.4 7hh.0 
1 7 . 5  17.3 235.4 
1 7 . "  17.7 ?h3.7 
75.0 17.9 7 W 3 . A  
3 5 . 9  17.Q 7t43 .h  
L 5 . 0  17.1 3 F h . 5  
55.7 16.7 7 N 5  OL 
h5.q 1 5 . Q  7 k A . 7  
75 .:7 14.3 2x7.1 
A 5 . n  11.5 7 R A . f )  
Y 5 . 0  10.0 7 F Q . H  
3/H/71 . 6 P A Y <  AF.TF4 lrw 
1 9  
A-13 
-. 
\ 
.. . . . _  
A-1.2 
I 
4 . 5  
8 .0  
1?.5 
17.5 
35.0 
4 5 .  f-J 
5 5  .O 
h . 0  
7 5 . n  
65.n 
75.n  
g 5 . 0  
s 5 . 0  
3/18/71. 
1 H  
0.6 
1.5 
7 . 5  
3 . 5  
6 . 5  
6.0 
H.n 
17.5 
75.r) 
35.n 
L 5 . 0  
6 5 . 0  
65.0  
7 5 . n  
Q5.O 
q5.n 
n.75 
1 7 . 5  
7 / 7 5 / 7 1  
1 6  
0 5  
7.n 
3 .  
4. 
6. 
7. 
9. 
1". 
! 5 .  
17-75 
~ 4 . n  7 q 6 . Z  
1 4 . 5  7 9 5 . 7  
14.9 2 Y 4  .+l 
1 5 . 2  2 9 1 . 4  
15.9  7HH.7 
16.4 2HU.O 
I h . 6  2 8 7 . 3  
16.3 247.6  
15.9 7HR.C) 
i6.n 7 t l u . 3  
14.7 % H * . 5  
1 2 . 4  7 H 4 . H  
11.4  2H4.1 
1 h  D A Y S  A F T E H  1 N R  
l . q  
7.7 
L . 9  
7.1 
9 0 7  
1 1 . 5  
1 ? . 5  
17.3 
1 L . O  
14.4 
. . _... . 
i.. 
A-15 
70 .  ' 14.8 790.5 
3 0 .  1 5  .O 7 9 0 . n  
50. 1 4 . 8  2R4.n 
7 0 .  14.2 7RQ.0 
90. 13.6 7 9 9 . n  
100. 1 7 . 8  7rq.0 
4 / 5 / 7 1 .  3 7  n A Y S  A F T F g  l H ~ I I r , 6 . T l i l x 4  
1 3  
n . 7 5  I .LO 3 7 3 . 6  
n .75  1.90 3 7 1 . 5  
1.5n 7 . 5 0  3 1 7 . 0  
3.50 7 . 5 0  311.5 
3.50 4.70 30a.n 
4. 50 5 ,YO 707 .n 
6.0 7.40 7 O L .  7 
R.no 9.20 301.7 
17.0 11.2 70H. 1 
16.0 1?.4 7 Q 5  .z 
37.0 13.0 394 .17  , 
64.0 17.5 7Y2 .o 
inn. 17.0 7w.n 
7 .70  
7 . P 0  
4.60 
5.RO 
h , H O  
R.10 
Q.R0 
11.7 
17 .6  
1 7 . 0  
17.5 
17.0  
3 .cn 
A-1 6 
.. 
” 
APPENDIX B - SOURCE LISTING O F  THE BURKE-PARIS MODEL. 
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222 CONTINUE 
RETURN 
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C S E T T I N G  IJP G R I T ,  I N  S n I L  L A Y E R  
C 
C 
C S E T S  (JP THE GRIT) IN x S P A C E  I N  LOGAQITHMIC r.tEscr 
C X ( l I = 0 . 0 0  ANT) I N C R E A S I N G  A S  D E P T H  I N C R E A S E S  
C X S N O  IS T H E  R E G U I - A R  L O G  GRIO A N G  X S O L  A R E  M I D  P I N T S  IIF T H I S  G K I O  
C 
C 
L n G  IC A 1.0 1 L 1 L 2 L 3 1-4.1- 5 L 6 1.7 1. A q'L9 L n  
Cf lMMf lN /N f l /MMd X 7  
C n M M O N / S E T l / N L M A X v Y (  100) v S M ( l O n ) r T F M P (  100) 
C n M M n N / C f l M 1  /XSNCl (  100 1 .  X S O L  ( 100 I 9 XMA X l -AMi )A 
C n M M n N  / LflG I / L 1 L 2 * L 0 L 3 t LG v 1- 5 v 1-6 * L 7 L Y L 
C A L = S M  ( 1  1
R O l = O . 0 0 1 0  
X S N l l ( l l = O . O O  
P A S = A t - n ~ ( X M A X * C A L / ~ 0 l l / ~ M A X ?  
D f l  100 1 = 2 , N M A X 2  
ZI=I 
I F I CAI-. L E. 0 .  o I C A  L = O  .05i) 
100 X S N ~ ( I l = Q 0 l / C A L ~ E X P ( Z I ~ ~ A S )  
C 
C T H F  M I D  P I N T S  CACC 
C 
X S O L ( l ) = ( X S N O ( l ) + X S ~ O ( ? )  I / ? .  
N M A X 2 1 = N M A X 2 - 1  
D f l  200 1 = 2 , N M A X 3 1  ' 
X S ~ ~ I l ) = l X S N O l I ) + X S N f l ~ I + ~ l ~ / 7 .  
200 C n N T  I N l r E  
R F T U R N  
END 
StJRRCIIJT INE S O L P R O  
C 
C C A L C U L A T E S  THE SOIL M O I S T U R E  A N D  T E M P E R A T U R E  A T  G R I D  P O I N T S  
C 
R E A I - * 4  
LnGICAL'l L ~ ~ L Z I L ~ ~ L ~ * L ~ ~ L ~ ~ L ~ . L B ~ L ~ ~ L O  
C O M H O N / C f l M ~ / X S N Q ( 1 0 0 ~ r X S O L ~ l O O ~ ~ X M A X ~ L A M ~ A  
A R G (  b 1 + V A L  ( 6 )  
. 
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C O M M f l N  /N  O / N M  A X 2 
C n M M O N / O U M Y / S l (  100 1-9 5 2  ( 100 1 
I F  ( , N f l T . L B )  GO T O  100 
S 1 [ I )  = S M (  I )  
S 2 (  I )  = T E M P (  I )  
N M A X Z L = N M A X Z - L  
X X X = A R S ( X S O L (  I) 1 
C ~ M M f l N / S E T 1 / N L ~ ~ X ~ Y ~ l O O ~ ~ S M ~ l O O ~ ~ T E M ~ ~ l O O ~  
C O M M O N / L O G I / L ~ ~ L ~ I L ~ ~ L ~ ~ L ~ * L ~ , L ~ , L O  
DO 10 I = l , N L M A X  
10 C n N T I N U E  
D f l  200 I = l * N M A X Z l  
C A L L  A T S M ( X X X * Y , S L , N L M P X I ~ ~ P R G I V P L I ~ ~  
C A L L  A L I ( X X X , A K G , V A L i Y Y Y , ~ * l o ~ E - O 2 * I E R )  
S M I  I ) = Y Y Y  
C A L L  A T S M ( X X X , Y * S 2 r N L M A X * l * A R G * V A L * h )  
C A L L  A L I ( X X X * A R ~ r V A L . Y Y Y , h . l o D E - 0 ? ,  I E H )  
T E M P (  I ) = Y Y Y  
R E T U R N  
N M A X Z l = N M A X 2 - 1  
X X X = A R S ( X S O L (  I ) )  
SM ( I )  = f N S M  ( X X X  1 
On 3 5 0  1 = 1 , N M A X 2 1  
X X X = A R S ( X S O L ( I ) )  
T F M P (  I ) = F N T P (  X X X  1 
200 C f l N T  INLJE 
100 C O N T I N U E  
00 3 0 0  1 ~ 1 r N M A X 2 1  
300  C D N T  I N l l E  
3 5 0  C n N T  I N I I E  
710 F D R M A T ( 3 X * R E 1 2 o 4 )  
R E T U R N  
E N O  . 
FUNCTION D S O I L (  I )  
C 
C 
C THIS FUNCTION PROVIDES THE DIELECTRIC  ONS ST ANT FOK SOIL 
C O M P L E X  O S O I L  
L O G I C A L * l  L l * L 2 . L 3 r L 4 * L S * L h i L 7 * L ~ * L 9 , L O  
R E A L * 4  L A M O A , R 2 1 1 ( 9 ) , R 2 1 2 ( 9 ) 1 S M 1 ( 9 1  
R E A L * 4  
C f l M M f l N / C O M 1 / X S N O ( 1 0 0 ) . X S O L ( 1 0 0 ) r X M A X I L a M O A  
~ O M M O N / S E T 1 / N L M A X ~ Y ~ l O O ~ ~ S M ~ l O O ~ ~ T E M P ~ l ~ O ~  
C ~ M M O N / L O G I / L l , L 2 r L 3 . L 4 1 L S 1 L 6 . L 7 , L R , L 9 r L O  
D A T A  S M l / 0 ~ 0 ~ 5 o 0 ~ 1 0 o ~ l 5 o r 1 R , r Z 0 . 1 2 2 . r 2 4 . r 3 5 ~ /  
A R G (  6 1 , V A L  (6 1 
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D ~ T A ' R 2 1 1 / 3 ~ r 4 ~ 5 * 6 ~ r 7 ~ 5 ~ ~ ~ r 1 1 ~ ~ 1 4 ~ , 1 8 . 1 3 ~ ~ ~  
D A T A  R 2 1 2 / 0 . 2 1 0 . 7 5 * 1 o * 1 . 5 * 2 . * 2 . ~ * 3 . 5 1 4 . r R . /  
Y Y Y = S H (  I 1  
I F  ( Y Y Y . L T . 0 . 1  GO T O  600 
I F  I L A M D A . L E . 1 . 5 5 1  GO T O  200 
I F  ( L A M D A . ~ T . 1 . 5 5 . A N D . L A M D 4 . L E . 3 . 3 )  GO T O  300 
I F  ( L A M D A . G T . 3 . 3 . A N D . L d M D A o L E . ~ 2 . 1  GO T f l  L O O  
I F  ( L A M D A . G T . 2 Z . t  GO T O  600 
R 1 =2. h4+0.1 l * Y Y Y  
R 2 = 0 . 0 8 4 * Y Y Y  
I F  ( Y Y Y . L T . 7 . 1 1  GO T O  500 
R 1s-2 .'I +O . 7 7 h * Y Y  Y 
I F  ( Y Y Y . L T . 1 0 . 3 1  GO T O  500 
R 2 = - 5 . 1 1 + 0 . 5 R 5 * y Y Y  
I F  ( Y Y Y . L T . 1 9 . )  GO T O  5 0 0  
R 1 = 7 . 8 5+0 . 25 + Y  Y Y 
R 2 = 0 . 2 6 + 0 . 2 9 * Y Y Y  
Gfl T n  500 
200 
300 R E T l J R N  
600  C t l N T l N U E  
I F  ( Y Y Y . G E . L l . 5 1  GO T O  410 
R 1 = 2 . 5 6 + 0 . 2 9 4 * Y Y Y  
R 2 = O .  O h * Y  Y Y 
G f l  T n  5 0 0  
410 R 1 = - 9 . 9 + 1 . 3 H * Y Y Y  
R 2 = - 1 . 4 4 + 0 . 1 8 5 * Y Y Y  
500 D S O I L = C M P L X I R l , H Z t  
R E T U  R N  
A 0 0  W R I T E  (6,700) 
700 F n R M A T I / / / / / 1 2 0 X . ' s S S ~ S  S-fJII- D I E L E C T K I C  C f l h l S T A N T  I N  ERWOK I 1  
D S O I L = C M P L X I  1. 1. 1 
R E T U R N  
EN0 
S I I R R O U T  I N E  S O L S E T  I *'I 
C 
C R E A D  SnIL M O I S T U H E  AND T E M P E R P T U K E  n A T A  
C X = O  A T  T n P  ANO INCREASING A S  D E P T H  I N C R E ~ A S E S  
C D A T A  V A L U E S  A R E  A T  n E P T H  X 
C I F  T O P  S O I L  M O I S T U R E  A N D  T E M P E R A T U R E  IS N O T  G I V E N  T H E N  
C T H R f t U G H  Q U A D R A T I C  P O L Y N O M I A L  T H E  D A T A  WILL B E  I N T E R P O L A T E D  H U T  
C DEEP SnIL M O I S T U H E  A N D  T E M P E R A T U R E  M U S T  R E  P R O V I D E D  
C S E E  T H E  F O R M A T  H Y  W H I C H  T H E  O A T 4  WILL R E  R E A D  
C 
R E A L * 4  T I T L E  ( 80 I 
C ~ M M O N / S E T 1 / N L M A X ~ Y ( l O O ~ ~ S M ~ l O O ~ ~ T E M P ( l O O l  
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C 
C 
C 
40 
C 
C 
C 
C 
500 
700 
40 0 
410 
4 2  o 
42 5 
430 
440 
” 
C O M M O N / C O M 1 / X S N O ( l O O ~ ~ X S O L ~ l O O ~ v X M A X ~ L A M O A  
R E A 0 ( 5 , 1 O 1 E N D = h O 0 )  - ( T I T L E (  1 ) * 1 = 1 7 7 5 )  
W R I T E  ( 6 9 1 0 )  ( T I T L E (  I ) * I = l r 7 5 )  
R E A O ( 5 v 2 0 )  NL  
IF ( X M A X . L T . O . 0 0 )  GO TO 600 
N L M  A X=NL 
I F  ( Y ( l ) . E Q . O . O )  GO T O  500 
N L M A X = N L M A X + l  
I F  ( N L M A X . G T . 9 9 )  GO T O  600 
I F  ( Y ( N L ) . G E . X M A X )  GO T O  7 0 0  
N L M A X = N L M A X + l  
I F  ( N L M A X . G T . 9 9 )  GO T O  600 
Y ( N L M A X ) = X H A X  
S M ( N L M A X ) = S M ( N L )  
T E M P ( N L M A X ) = T E Y P ( N L )  
I F  ( Y ( l ) . E O . O . O )  GO T O  6 5 0  
D O  400 I = l r N C  
Y I 1 ) =O.O0 
D f l  410 I = l v N L  
Y (  I + l ) = X S O L (  1 )  
DO 420 I = l v N L  
x s m  ( I I =SM( I 
xsoc ( I 1 = Y  ( r 
S M ( 1 ) = 0 . 0 0  
IF (SMM.GE,O.) S M ( l ) = S M M  
S M ( I + l ) = X S O L I I )  
X S O L  ( 1 )  = T E M P (  I )  
T E M P ( l ) = T P P  
T E M P ( I + l ) = X S O L ( I )  
O f l  425 I = l * N L  
DO 430 I = l , N L  
D O  440 I - l t N L  
4 5 0  C O N T I N U E  
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R E T U R N  
10 F O R M A T ( 7 5 A l )  
20  F O R M A T (  1 5  1 
30 F O R M A T ( 3 F l O . 2 )  
600 C O N T I N U E  
c 
I F  ( X H A X m L T . O . 0 0 )  W R I T E  ( h . 7 3 0 )  
IF ( N L M A X . G T . 9 9 )  W R I T E  ( 6 , 7 1 0 )  
710 F O R M A T ( ~ ~ X I '  N O  OF P O I N T S  I N  S O I L  G A P A  S E T  T O O  L A R G E ' )  
720 F O R M A T ( 2 O X q '  SOIL D E P T H  I N  D A T A  S E T . T O O  L A R G E  ' 1  
730  F n R M A T ( 2 0 X I '  S O I L  D E P T H  H A S  N O T  R E E N  S P E C I F I E f l  P R O P E R L Y ' )  
R E T U R N  1 
E NO 
/ /  E X E C  L I N K G O , R E G I O N . G O P I ~ O K  
/ / G n . S Y S U D U M P  00 S Y S O U T = A  
/ / G C I . D A T A S  DO * 
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